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Thickness dependence of magnetic film edge properties in NigyFey, stripes
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Measurements of “trapped spinwave” edge modes in transversely magnetized stripe arrays of
NigoFezo largely confirm previous theoretical predictions for the thickness dependence of the edge

saturation field Hg,t and the effective out-of-plane edge anisotropy field Ha.

The stripes were

patterned using optical interference lithography with film thicknesses in the range from 10 to 65
nm. Large linewidth values for edge modes relative to bulk modes indicate inhomogeneity of the
edges. Elimination of an antireflective coating underlayer dramatically decreases the edge mode
linewidth without affecting the bulk mode linewidth.

PACS numbers: 75.75.4a, 76.50.4-g, 85.70.Ay

I. INTRODUCTION

Magnetic nanostructures form the foundation of sev-
eral important technologies in data storage and they
also underpin developments in spin transfer torque and
patterned-media hard drives. Because the ratio of
perimeter to area increases as these structures are scaled
down, measurement of the magnetic properties of thin
film edges will become increasingly important for mag-
netic nanodevice design and modeling.

Ferromagnetic resonance of the “trapped spinwave”
edge modes[l, 2] has emerged as a precise method
for measuring the magnetic properties of the thin film
edges[3, 4]. In films that are magnetized perpendicular
to a film edge, demagnetization fields reduce the local
field near the edge, creating conditions for the localized
precession of an edge mode. The relationship between
the applied field and the resonance frequency of the edge
mode yields two edge-sensitive parameters: Hgye, which
is the field required to saturate the magnetization per-
pendicular to the edge, and Hs which is an effective out-
of-plane shape anisotropy for the edge mode.

Several models have predicted the dependence of Hgyg
and H, on thickness for ideal edges. These models, de-
scribed in detail in ref. 5, include micromagnetic models
of the edge magnetization dynamics, a stability analy-
sis of the magnetization near the edge and a macrospin
model. The macrospin model approximates the edge
mode dynamics with magnetization precession in an
equivalent ellipsoidal cylinder having major and minor
axes equal to the film thickness ¢t and an effective edge
width d,, and yields a simple approximate expression for
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where Mj is the saturation magnetization. Fitting to the
micromagnetic model results yields de = 4.6 lox ~ 26 nm
for NiggFesg. Further, the macrospin model predicts a
relationship between Hg,, and Hy that is confirmed by
the micromagnetic models.

Hy = M, — 3Hu. (2)

This paper describes measurements of the thickness
dependence of the edge parameters, measurements of the
sensitivity of the edge parameters to patterning methods,
and analysis of edge parameter variations through edge
mode linewidths.

II. PROCEDURE

Our main series of samples were patterned by opti-
cal interference lithography on Si substrates. A trilayer
resist stack was used, consisting of an antireflective coat-
ing (ARC), a thin, sputtered, silicon oxide layer, and
finally a resist layer deposited sequentially on a silicon
substrate[6]. The resist was exposed and developed to
create a grating pattern in the resist. A NiggFeyo film
was then evaporated onto the substrate using a electron-
beam evaporation. The resist, along with its NiggFesq
overlayer, were lifted off using a resist stripper, soaking
for 90 s at 50 C and sonicating for 30 s at 24 C. Film
thicknesses range from 10 nm to 65 nm in stripes that
are approximately 450 nm wide with a period of 800 nm.
A micrograph of one of the samples is shown in Fig. 1.

Two special samples were prepared to test the sensi-
tivity to patterning conditions. One special sample was
prepared using the ARC as the mask. For this sample,



FIG. 1: Top: SEM micrograph of 40 nm thick stripes on an
anti-reflective coating (ARC) and SiO2 underlayer. Bottom:
40 nm thick stripes on Si created using the ARC and SiO2 as
a mask layer.

reactive ion etching was used to transfer the stripe pat-
tern to the ARC layer, creating a mask of ARC material.
A 40 nm film of NiggFesg was then deposited on the ex-
posed thermal oxide of the Si wafer, followed by liftoff of
the ARC. This sample differs from the main sample se-
ries in that the mask layer is ARC rather than resist, and
in that the NiggFesq is deposited on the native oxide of
the Si wafer rather than sputtered SiO5 on top of ARC.

In another sample, we tested the sensitivity to resist
liftoff conditions. A stripe array with thickness 65 nm
was prepared using the resist mask and a reduced liftoff
soak time of 60 s.

The edge modes were detected with the sample placed
face down on a coplanar waveguide. Bulk mode and edge
mode resonances were detected as decreases in trans-
mitted microwave signal as a function of microwave fre-
quency and applied field. Enhanced signal to noise was
achieved by adding 80 Hz applied field modulation and
using lockin detection of the transmitted signal[3, 4].

Alignment is important for measurements of the edge
mode at low frequencies[3]. To align the stripes perpen-
dicular to the field direction, the edge mode resonance
field was recorded with 7 GHz excitation at 1° intervals
in a 10° region near perpendicular. Fitting of this data
allowed alignment of the field perpendicular to the stripe
axis with a accuracy of 0.1°.

III. RESULTS

An example field-swept FMR spectrum is shown in
Fig. 2a. The distinct resonances in this spectrum are
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FIG. 2: a) The lower curve is a ferromagnetic resonance spec-
trum of the 40 nm thick stripes on Si measured at 7 GHz.
The upper curve is an absorption curve for Hupp1 = 0.5 T ob-
tained by micromagnetic modeling that shows corresponding
resonances. b) Mode profile images from the micromagnetic
modeling. Identification of the modes is made by comparing
mode intensities and mode sequences.
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FIG. 3: Field dependence of edge mode resonance frequency
for the stripe arrays deposited on anti-reflective coating. The
solid lines are fits to Eq. (3).

identified by comparison with micromagnetic modeling|[7]
of the stripe’s absorption spectrum. The calculation in-
volves a sequence of ground state, field pulse, and ring
down calculations followed by Fourier transform of the
ring down response[8]. Fig. 2b shows modeled mode pro-
files of the labeled modes. Each rectangle corresponds
to the cross section of a 450 nm X 40 nm stripe. Modes



A and B have large amplitudes but opposite phases at
the center of the stripe as indicated by light and dark
contrast. Modes C and D are localized near the edges of
the stripe with very small amplitudes (grey contrast) in
the central part of the stripe. Multiple edge modes have
been previously observed for fields below Hg,t[9]. The
rest of this paper will focus on the behavior of mode D,
which we will refer to as the edge mode.

For each sample, edge mode resonances were recorded
from 0.5 to 25 GHz. The magnetic film edge properties
for each thickness were determined by fitting the field
dependence of the edge mode frequency to

f(H) = % [(Happt — Hsat) (Happ1 + H2)]1/2 ) (3)
using Hgyy and Hy as fitting parameters. Example fits
are plotted in Fig. 3 The gyromagnetic ratio v was held
constant at 29 GHz/T, and the asymptotic standard er-
rors of the fits were less than +1 mT for Hg,;, and less
than +£4 mT for H».

To approximate edge property values that are inde-
pendent of stripe widths and array periods the fit val-
ues of Hg,y and Hso are corrected for interactions with
the other stripes in the array and for the field at one
edge of a stripe due to magnetostatic charges at the op-
posite edge. These two corrections largely cancel, and
the net correction reaches a maximum value of 80 mT
in the thickest stripes. Corrected values of Hg,; and Ho
are plotted in Fig. 4 with the results of three models for
the thickness dependence of Hg,; in stripes with ideal
edges. While the measured values follow the trend pre-
dicted by the models, the measured edge saturation fields
are lower than the modeled values for ideal edges, con-
sistent with previous measurements of edge saturation
field[3, 4, 10, 11]. Many edge conditions, including tilt-
ing of the edge surface[4, 10], surface anisotropy and/or
dilution of the magnetization near the edge may explain
this difference[5].

The edge parameters are relatively insensitive to the
liftoff conditions. Reducing the liftoff soak time of the
65 nm thick sample by 33% produced negligible changes.
Also, changing the mask material from resist to ARC has
a small effect on the edge parameters, although it does
have a significant effect on the edge mode linewidth, as
discussed below.

Linewidth values for edge modes are plotted as a func-
tion of frequency in Fig. 5. The peak in the linewidth
at low frequencies is largely an artifact of overlapping
resonances. While this paper largely focuses on the
edge mode for fields greater than Hg,; there is also a
distinct edge resonance for fields below Hg,; where the
edge magnetization precesses around a canted ground
state[1, 2, 9, 12]. As the frequency approaches zero, the
two resonances of the canted-ground-state edge mode and
the aligned-ground-state edge mode approach each other
from opposite sides of Hg,i. See Fig. 1 of ref. 5. These
overlapping resonances give the appearance of a single,
broadened resonance at low frequencies. Since the low
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FIG. 4: Measured thickness dependence of the edge saturation
field. Inset: relationship between Hs.t and H2. The “ion
milled” point is described in ref. 4, and the point marked
with the arrow is from ref. 3. Model results are reproduced
from ref. 5.
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FIG. 5: Edge mode resonance linewidths (filled symbols) as
a function of frequency. Edge mode linewidth is significantly
lower for the stripes on Si. Bulk mode linewidths (open sym-
bols) for the 40 nm thick films are shown for comparison.
The solid line is the intrinsic linewidth predicted for a Gilbert
damping parameter @ = 0.006.; the dotted line includes an
inhomogeneous broadening expected for a 3.7 mT standard
deviation of Hgat.

frequency linewidth peaks can be explained as artifacts,
we focus our attention on the higher frequencies.
The linewidths for the edge mode in the stripes on
ARC are significantly larger than the linewidths for the
bulk modes in these stripes. The FMR linewidth is often
interpreted as the sum of an intrinsic component that is
proportional to the damping parameter «, and an inho-
mogeneous contribution A Hy.
AH = 229 4 Am,, (4)

V37y
To first approximation, the difference between the bulk
linewidths and the edge linewidths is close to an addi-



tive constant, suggesting an inhomogeneous broadening
mechanism rather than an increase in a at the edge,
which would appear as an increase in slope.

The large difference between the bulk mode linewidths
and the edge mode linewidths may be partly explained
by variations in the edge parameters. A Gaussian distri-
bution of Hg,; values with standard deviation og,; will
produce a contribution to the peak-to-peak linewidth,

4[_Iappl - 3Hsat + H2

AHy=2
0 Tsat 2I—Iappl - Hsat + H2

(5)

Here we have assumed that variations in Hs are corre-
lated with variations in Hg,; through Eq. (2). This con-
tribution to the linewidth is plotted in Fig. 5. This in-
homogeneous contribution to the linewidth is included in
the dotted line in plotted in Fig. 5 for o4y = 3.7 mT.

The line width of the edge modes for the stripes on
Si patterned by an ARC mask are an interesting excep-
tion, having a linewidth that is nearly as low as the bulk
modes. This result suggests that the stripes on Si have
more homogeneous edges. However, comparison of SEM
images of the stripes in Fig. 1 does not reveal any clear
differences on length scales that are resolved by the mi-
croscope.

In conclusion, the measured thickness dependence of
magnetic film edge parameters largely follows model pre-
dictions, although there are significant differences due to
the non-ideal edge conditions.
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